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Stromal cell polyploidy is a unique phenomenon that occurs during uterine decidualization following embryo implantation, although the
developmental mechanism still remains elusive. The general consensus is that the aberrant expression and altered functional activity of cell
cycle regulatory molecules at two particular checkpoints G1 to S and G2 to M in the cell cycle play an important role in the development of
cellular polyploidy. Despite the compelling evidence of intrinsic cell cycle alteration, it has been implicated that the development of cellular
polyploidy may be controlled by specific actions of extracellular growth regulators. Here we show a novel role for heparin-binding EGF-like
growth factor (HB-EGF) in the developmental process of stromal cell polyploidy in mice. HB-EGF, which is one of the earliest known
molecular mediators of implantation in mice and humans, promotes stromal cell polyploidy via upregulation of cyclin D3. Adenoviral
delivery of antisense cyclin D3 attenuates cyclin D3 expression and abrogates HB-EGF-induced stromal cell polyploidy in vitro and in vivo.
Collectively, the results demonstrate that the regulation of stromal cell polyploidy and decidualization induced by HB-EGF depend on cyclin
D3 induction.
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IntroductionUterine decidualization, characterized by extensive pro-
liferation, differentiation, and endoreduplication (polyploi-
dy) of endometrial stromal cells at the site of embryo
implantation is critical to the establishment of pregnancy
in mice. Synchronized development of the blastocyst to
implantation competence, differentiation of the uterus to the
receptive state, and a reciprocal interaction between the
blastocyst and uterus are all essential to the success of
implantation (Dey, 1996; Psychoyos, 1973). The onset of
blastocyst attachment with the uterine luminal epithelium
occurs in the evening of day 4. The luminal epithelium at0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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pole progressively undergoes apoptosis with the progression
of implantation. In contrast, stromal cells immediately
surrounding the implanting blastocyst enter extensive pro-
liferation followed by differentiation into a specialized type
of cells (decidualization) with the acquisition of polyploidy.
Between day 5 afternoon and day 6 morning, stromal cells
immediately surrounding the implanting blastocyst at the
antimesometrial pole cease proliferating and undergo differ-
entiation, forming a zone called the primary decidual zone
(PDZ). The PDZ is avascular and epithelioid in nature. The
cells within PDZ subsequently undergo apoptosis, and by
day 8, most of these cells disappear. However, stromal cells
next to the PDZ continue to proliferate and differentiate into
polyploid decidual cells forming the secondary decidual
zone (SDZ) (Tan et al., 2002). This pattern persists through
days 7 and 8. Eventually, the SDZ cells also undergo
apoptosis enlarging the implantation chamber to accommo-
date the growing embryo.
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ized by the transition from a mitotic cell cycle to an
endoreduplication cycle (endocycle) in which cells undergo
a repeated round of DNA replication without successive cell
division (cytokinesis), resulting in higher multiples (>4C) of
a haploid DNA. The general consensus is that an altered cell
cycle regulation is associated with the development of
cellular polyploidy. In the uterus, decidual cell polyploidy
is often characterized by the development of mono- or
multinucleated giant cells (Tan et al., 2002), suggesting that
a cell cycle variant directs nuclear division without cytoki-
nesis (Edgar and Orr-Weaver, 2001). It is speculated that
stromal cell polyploidy during decidualization limits the life
span of decidual cells for the accommodation of the growing
embryo. Furthermore, one of many uterine contributions is
to support embryonic growth that requires increased protein
synthesis; genomic endoreduplication may ensure increased
synthetic capacity by increasing the number of gene copies
for transcription.
Altered expression and functional activity of the cell
cycle regulatory molecules are thought to be a key deter-
minant in the onset of polyploidy, multinucleation, apopto-
sis, or asymmetric chromosomal segregation (Edgar and
Orr-Weaver, 2001). We have previously shown that cyclin
D3 plays an important role in stromal cell decidualization
and polyploidy (Das et al., 1999; Tan et al., 2002). How-
ever, the onset of these processes requires the participation
of growth regulators that influences the cell cycle machin-
ery. For example, the growth factor thrombopoietin, derived
from the hematopoietic progenitors (Rojnuckarin et al.,
1999), and stromal cell-derived factor 1 (SDF-1) (Guerriero
et al., 2001) participate in cellular polyploidy associated
with megakaryocyte differentiation. While several growth
regulatory molecules and their receptors are expressed in the
uterus with the onset of implantation (Carson et al., 2000;
Paria et al., 2002), their involvement in the regulation of
stromal cell polyploidy during decidualization is not known.
The EGF family of growth factors and their receptors
(ErbBs) has been extensively studied during implantation in
mice (Lim et al., 2002). Among the members, heparin-
binding EGF-like growth factor (HB-EGF) has drawn
special interest because of its expression pattern in the
uterus and because of its paracrine and juxtacrine interac-
tions with the embryonic ErbBs during implantation in mice
and humans (Das et al., 1994a; Martin et al., 1998; Paria et
al., 1999; Raab et al., 1996). In mice, HB-EGF is first
expressed in the uterus at the site of the blastocyst apposi-
tion 6–7 h before the attachment reaction, and persists
during decidualization (Das et al., 1994a). Recently, we
have shown that gelatin beads presoaked in HB-EGF, when
transferred into uterine lumens of pseudopregnant mice,
elicit implantation-like responses similar to those induced
by the living blastocysts (Paria et al., 2001). Moreover, HB-
EGF has been implicated in two-way signaling during
implantation (Wang et al., 2003). Collectively, the results
suggest that HB-EGF plays an important role in implanta-tion and decidualization in various species including
humans (Chobotova et al., 2002; Leach et al., 1999; Martin
et al., 1998; Yoo et al., 1997). Whether HB-EGF is crucial
to implantation is not known. Perinatal lethality of HB-EGF
null embryos precludes studies on uterine aspects of embryo
implantation (Iwamoto et al., 2003).
HB-EGF was originally identified and cloned as a hepa-
rin-binding mitogen secreted by human macrophages (Bes-
ner et al., 1990; Higashiyama et al., 1991). HB-EGF, like
other EGF family members, is synthesized as a large mem-
brane-bound precursor that is proteolytically cleaved to
release the soluble form. Both the transmembrane and soluble
forms are biologically active to mediate cellular functions
(Raab et al., 1996). HB-EGF binds to cell surface tyrosine
kinase receptors ErbB1 and/or ErbB4 (Elenius et al., 1997b;
Higashiyama et al., 1991; Paria et al., 1999). The mature HB-
EGF is a potent mitogen in several cell lines including
fibroblasts, vascular smooth muscle cells, and keratinocytes
(Elenius et al., 1997a; Marikovsky et al., 1993). Other
functions of HB-EGF include cell migration and cell–cell
adhesion (Higashiyama et al., 1993; Raab et al., 1996).
The present investigation reports for the first time that
HB-EGF is a potent growth regulator that directs uterine
stromal cell endoreduplication during decidualization in
mice. Our results show that HB-EGF enhances the formation
of binucleation and polyploidy in decidual cells, and this
effect of HB-EGF is mediated through a regulated expres-
sion of the downstream cell cycle regulator, cyclin D3.Materials and methods
Animals
Adult CD-1 mice were purchased from the Charles
Rivers Laboratory (Raleigh, NC). Females were mated with
fertile or vasectomized males of the same strain to induce
respective pregnancy or pseudopregnancy (day 1 = vaginal
plug). Mice were killed at 0900 h on the day of pregnancy
or pseudopregnancy. All mice were housed in the Animal
Care Facility according to National Institute of Health (NIH)
and institutional guidelines for laboratory animals.
Primary culture of uterine stromal cells
The procedures for the isolation and culture of mouse
uterine stromal cells, collected on day 4 of pseudopregnan-
cy, followed the previously described method with minor
modifications (Kover et al., 1995). In brief, uterine horns
were cleaned of fat tissues, slit longitudinally, and cut into
small pieces (2–3 mm). Uterine pieces were then placed in a
sterile petri dish and washed thoroughly by passing through
drops of Hanks’ balanced salt solution (HBSS, Mediatec
Cellgro) without Ca2+/Mg2+ and phenol red but containing
100 U/ml penicillin (Gibco-BRL); 100 Ag/ml streptomycin
(Gibco-BRL), and 2.5 Ag/ml amphotericin B (Sigma).
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antibiotic) containing 6 mg/ml dispase (Gibco-BRL) and 25
mg/ml pancreatin (Sigma), and incubated in sequence for 1
h at 4jC, 1 h at room temperature, and then 10 min at 37jC.
Following the digestion steps, tissues were immediately
diluted in HBSS (17 ml) containing 10% charcoal-stripped
fetal bovine serum (FBS) and mixed thoroughly to dislodge
the sheet of luminal epithelial cells by pipetting up and
down multiple times using a 25-ml pipette, and the super-
natant containing epithelial cells was discarded. The tissues
remaining after the digestion were washed twice in fresh
medium (HBSS + antibiotic) and incubated again for
subsequent digestion in a fresh medium (3 ml) containing
0.5 mg/ml collagenase at 37jC for 30 min. At the end of
digestion, tissues were immediately diluted in HBSS (17 ml)
with 10% charcoal-stripped fetal bovine serum (FBS) and
mixed thoroughly using a 25-ml pipette. The digested cells
(primarily containing stromal cells) were passed through a
70-Am nylon filter to eliminate clumps of epithelial cells
then centrifuged and the pellet was washed twice with
HBSS before the initiation of the primary culture. Cells
were plated at 5  105 cells per 25 sq. cm dish, or as
indicated otherwise in the text, containing phenol red-free
Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s
F-12 nutrient mixture (1:1) with 10% charcoal-stripped
serum and antibiotic. After an initial incubation for 1 h,
the medium was removed along with free-floating cells, and
the cells remaining adhered to the culture dishes were
transferred to fresh medium (DMEM–F-12, 1:1) containing
1% charcoal-stripped FBS, estradiol-17h (E2, 10 nM), and
progesterone (P4, 1 AM). Examination of cells by immu-
nostaining for cytokeratin revealed the absence of epithelial
cells, while the staining for vimentin or desmin demonstrat-
ed the cultures to be comprised of 99% pure stromal cells.
Growth factors and the treatments in the culture
Mouse EGF and human TGF-a were purchased from
Upstate Biotechnology, Inc. (Lake Placid, NY). Human HB-
EGF was kindly provided by Dr. Judith Abraham (Scios
Nova Inc., Mountain View, CA).
After a selective adhesion, cells grown overnight were
treated with or without growth factors in DMEM–F-12
(1:1) medium containing 1% charcoal-stripped serum, es-
tradiol-17h (E2, 10 nM), and progesterone (P4, 1 AM). The
growth factors used in culture experiments were EGF, TGF-
a, and HB-EGF. They were added in PBS to the culture
medium at 1, 10, or 100 ng/ml or as indicated in the text.
Equal volume of PBS as that of growth factors was added in
the culture medium as control.
Cell proliferation assay
This was followed according to the protocol as described
(Rudkin et al., 1996). In brief, stromal cells (5  104 cells/
well) grown in 24-well plates were pulsed with 0.5 ACi/well3H-thymidine (25 Ci/mmol, NEN Life Science Products
Inc., Boston, MA) for 1 h before termination of cultures.
Cells were washed and harvested by trypsinization. An
aliquot of cells was counted in hemocytometer using trypan
blue for cell viability. The cell proliferation activity was
determined after suspension of cells in 5 ml of 10%
trichloroacetic acid (TCA) and incubated on ice for 30
min. The lysed cells were then transferred on the top of
glass fiber filters GF/C (Whatman) in the manifold. Filters
were washed thoroughly with ice-cold 5% TCA and trans-
ferred to the vials for radioactive counting.
Construction of recombinant adenoviral vectors for cyclin
D3 cDNA sequence and generation of virus particles
The replication-defective adenoviral vectors were gener-
ated as described (Tong-Chuan et al., 1998). The full-length
coding region of mouse cyclin D3 cDNA was generated by
PCR from an expression clone that was obtained from Dr.
Charles Sherr (Matsushime et al., 1991). PCR primers
carrying linkers for XhoI at 5V-ends were as follows: 5V-
GGCTCGAGATGGAGCTGCTGTGTTGCGA-3V (sense)
and 5V-GGCTCGAGCTACAGGTGAATGGCTGTGA-3V
(antisense). The amplified DNA fragment was cloned into
XhoI site of a shuttle vector, pAdTrack-CMV. The selected
clones for sense and antisense constructs were sequenced to
confirm their identities. The resultant plasmids or empty
shuttle vector (expresses only green fluorescence protein
[GFP]) were linearized with PmeI and subsequently cotrans-
fected with pAdEasy-1 into E coli BJ5183. The recombinant
clones, harboring either cyclin D3 sense, antisense, or empty
insert (control plasmid), were analyzed by restriction cutting
using Pac I. The viral packaging of these plasmids was
carried out by transfection into 293 cells as described (Tong-
Chuan et al., 1998). Viral particles were purified through
CsCl density gradient centrifugation and stored at 70jC.
Adenoviral infection of uterine stromal cells in vitro
Primary culture of uterine stromal cells (5  104 cells/
well) grown to a level of 40–50% confluence in four-well
chamber slides was subjected to adenoviral infection at 10
multiplication of infection (MOI). The level of infection was
monitored through GFP expression using fluorescence mi-
croscopy. For analysis by immunohistochemistry, cells were
briefly washed in PBS and fixed in 10% formalin in PBS.
Adenoviral infection of the mouse uterus during the
post-implantation period
In order to achieve successful adenovirus infection in
uterine implantation sites during decidualization, approxi-
mately 100–200 Al of viral solution in saline containing
1  1011 virus particles was injected per mouse intrave-
nously (tail vein), twice on day 5 of pregnancy at 0900
and 1800 h.
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Mouse cDNA clones for cyclin D1, D2, D3, and ribo-
somal protein L7 (rpL7) have previously been described
(Das et al., 1997; Tan et al., 2002). For Northern hybrid-
ization, 32P-labeled antisense cRNA probes were generated
using specific RNA polymerases.
Immunohistochemical staining
The method followed the protocol as previously de-
scribed (Tan et al., 1999, 2002). Staining reaction was
performed utilizing a Zymed-Histostain-SP kit (Zymed
Laboratories, San Francisco, CA). For immunofluorescence
studies, the secondary antibody tagged either by Cy3 (red)
or FITC (green) was used and then directly visualized by
fluorescence microscopy.
Analysis of protein complex by immunoprecipitation
followed by Western blotting and kinase assay
Cultured cells were homogenized in buffer containing 50
mM Tris (pH 7.4), 1 mM EDTA, 150 mM NaCl, and
proteinase inhibitors (1 Ag/ml phenylmethylsulfonyl fluo-
ride [PMSF], 10 Ag/ml aprotinin, and 1 Ag/ml [leupeptin]).
The homogenates were centrifuged and the supernatants
were collected for the immunoprecipitation studies. The
methods for immunoprecipitation, Western blotting, and
kinase assays were performed as previously described
(Tan et al., 2002).
Cytomorphometric image analysis for nuclear DNA content
The experimental procedures were same as described
before (Tan et al., 2002). All Feulgen-stained images were
captured and analyzed using a CAS-200 Image Analysis
System (BACUS Laboratories Inc., Lombard, IL 60148).
The computer-based image analysis system uses the sum-
mation of the optical density of each Feulgen-stained
nucleus to calculate the amount of DNA content based on
the Beer–Lambert law. The histogram demonstrating the
frequency distribution of measured nuclear DNA content
was used to determine the presence of polyploidy and the
cell cycle distribution.
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HB-EGF enhances uterine stromal cell growth, polyploidy,
and binucleation in stromal cell primary culture
Since gelatin beads presoaked in HB-EGF induce im-
plantation-like responses in the uterus including deciduali-
zation similar to living blastocysts, we asked whether this
growth factor directly influences stromal cells in culture. We
compared the effects of HB-EGF with those of EGF andTGF-a. Cell growth as determined by 3H-thymidine incor-
poration into DNAwas monitored in the presence of varying
concentrations (1, 10, or 100 ng/ml) of growth factors or the
vehicle (control). As shown in Fig. 1A, HB-EGF at all three
concentrations was effective in stimulating DNA synthesis
(about three- to fourfold over the controls) with a peak
growth stimulation at 10 ng/ml. In contrast, neither EGF nor
TGF-a was effective in this response even at the highest
concentration (100 ng/ml) examined (Fig. 1A). However,
EGF or TGF-a at 1.0 ng/ml stimulated a threefold induction
of 3H-thymidine incorporation when analyzed in parallel
with a different fibroblast cell line NIH 3T3 (data not
shown). These results show that HB-EGF is a selective
growth inducer for uterine stromal cells in culture.
We next sought to examine whether HB-EGF induces
cellular polyploidy in primary cultures of uterine stromal
cells. The cellular polyploidy is characterized by a sus-
tained increase in DNA synthesis without enhancing the
mitotic cycle. Stromal cells were cultured in the absence
(control) or presence of HB-EGF (10 ng/ml). The treat-
ment of the cultures with HB-EGF for 7 days did exhibit a
steady increase in DNA synthesis with cell numbers
remaining unchanged (Fig. 1B). A significant increase of
DNA synthesis was observed on days 3, 5, or 7 (P < 0.05)
as compared to days 1 or 2. Collectively, these results
suggest that HB-EGF, in deed, is a potent inducer of
stromal cell polyploidy. The enhanced stromal cell poly-
ploidy by HB-EGF was further confirmed by the cell cycle
distribution analysis using a cytomorphometric method
(Tan et al., 2002). As shown in Fig. 1C, the number of
cells associated with polyploidy, as examined on day 7 in
the culture, was significantly increased in the HB-EGF-
treated group over the controls (5.4 F 0.03% for control
vs. 26.0 F 0.3% for HB-EGF; P < 0.05). Moreover, the
number of cells arrested in the G2/M phase significantly
increased after the treatment of HB-EGF as compared with
control cells (4.6 F 0.2% for control vs. 19.0 F 0.4% for
HB-EGF; P < 0.05).
Since uterine stromal cell polyploidy in mice is often
characterized by the formation of binucleation (Tan et al.,
2002), we examined whether HB-EGF is capable of show-
ing this phenomenon in stromal cells. Stromal cells cultured
in the absence or presence of HB-EGF (10 ng/ml) for 7 days
were trypsinized and cytospun onto the slides for cytolog-
ical analysis. As shown in Fig. 1D, the treatment with HB-
EGF produced an increased number of binucleated cells
(8.2% for control vs. 28.6% for HB-EGF treatment). Over-
all, these results suggest that HB-EGF is a potent regulator
of uterine stromal cell growth, binucleation, and polyploidy
in primary cultures.
Cell cycle circuitry changes during HB-EGF-induced
stromal cell polyploidy
We have previously demonstrated that the onset of
stromal cell polyploidy is associated with cyclin D3
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address whether HB-EGF has an effect on cyclin D3
expression, we analyzed the expression of D-type cyclins
mRNA in cultured stromal cells after treatment with HB-
EGF. As shown in Fig. 2A, HB-EGF markedly increased
the expression of cyclin D3 mRNA (P < 0.05) on each
day of culture with a peak increase of eightfold on day 3.
This effect of HB-EGF on cyclin D3 was selective, since
HB-EGF was ineffective in influencing the expression of
cyclin D1 or cyclin D2 mRNAs under similar conditions
(Fig. 2A). These results suggest that HB-EGF-induced
effects on stromal cells are mediated via heightened
expression of cyclin D3.
Because cyclin D3 is coordinately associated with p21
and cdk6 during the development of uterine stromal cell
polyploidy, we next examined whether these cell cycle
regulators in stromal cells cooperatively interact during the
onset of cellular polyploidy by HB-EGF. Our results from
dual immunofluorescence studies show that all polyploid
stromal cells induced by HB-EGF display co-localization
of cyclin D3 with p21 or cdk6 (Fig. 2B). This effect of
HB-EGF is specific, since control cells in the absence
of HB-EGF did not show any such expression (Fig. 2B).
The functional interaction of these regulators was further
analyzed by co-immunocomplex assays. Using the prima-
ry antibodies to cyclin D3 or cdk6 for immunoprecipita-
tion and subsequent analysis by Western blotting using
respective antibodies confirmed that cyclin D3 and/or cdk6
are physically associated with p21 (Fig. 2C). No such
association was observed in control cells in the absence of
HB-EGF (Fig. 2C), suggesting that HB-EGF specifically
regulates these interactions. The functional activity of
immunocomplexes was examined by measuring kinase
activity using retinoblastoma protein (Rb) as a phosphor-
ylated substrate. The results show that the complexes
formed by cyclin D3 or cdk6 were functionally active
and controlled by HB-EGF (Fig. 2D). Overall, these results
suggest that HB-EGF induces stromal cell polyploidy via
the formation of a functional ternary complex comprising
cyclin D3–cdk6–p21.
Uterine delivery of HB-EGF via beads augments stromal
cell polyploidy
The results of our in vitro studies suggest that HB-EGF
is a potential player for stromal cell polyploidy and
binucleation. To test HB-EGF’s role in stromal cell
polyploidy in vivo, HB-EGF-soaked beads were trans-
ferred into mouse uterine lumens on day 4 of pseudo-
pregnancy as previously described (Paria et al., 2001).
Our results show that beads carrying HB-EGF were very
potent in inducing decidualization and stromal cell poly-
ploidy at the site of the beads on day 7. This was
demonstrated by the presence of large mono- or binucle-
ated cells in the secondary decidual zone (SDZ) of the
decidual bed (Figs. 3a, b). In contrast, BSA-soaked beads(negative controls) were not effective to elicit such
responses (Figs. 3c, d). Our results further showed that
polyploid cells were strongly positive for cyclin D3 (Figs.
3a, b) and p21 and cdk6 (data not shown). The analysis
of cell cycle distribution in uterine sections containing
HB-EGF beads demonstrated an increased number of
stromal polyploid cells over the BSA beads (0% for
BSA beads vs. 32.2 F 1.8% for HB-EGF beads). Fur-
thermore, there was a significant number of cells that
were arrested in the G2/M phase of the cell cycle by the
HB-EGF beads (2.9 F 0.4% for BSA vs. 17.9 F 1.1%
for HB-EGF; P < 0.05).
HB-EGF-driven stromal cell polyploidy in vitro requires
cyclin D3
To further explore the role of HB-EGF on uterine stromal
cell polyploidy via cyclin D3, we used the adenoviral gene
delivery system to enhance or suppress the expression of
cyclin D3 in cultured stromal cells. We utilized recombinant
adenovirus carrying a cDNA for a complete coding se-
quence of cyclin D3 either in the sense or the antisense
direction along with the green fluorescence protein (GFP)
reporter genes, which are regulated by two independent
cytomegalovirus early promoters. The empty adenovirus
carrying only GFP under the control of the same promoter
was used as a control vector. Isolated stromal cells grown to
the level of 40–50% confluency were used for infection
with adenoviruses at 10 MOI. Viral infection efficiency was
determined by examining the expression of GFP and cyclin
D3 in cultured cells after inoculation of viral particles for 24
h. Fluorescence microscopy showed accumulation of GFP
in all infection studies with antisense (Fig. 4A, panel a),
sense (Fig. 4A, panel b), or control (data not shown) viruses.
Our results suggest that the infection of stromal cells with
either kind of viruses was at the level of 90–95% efficiency.
Analysis of cells for the expression of cyclin D3 demon-
strated that at least 90% cells were positive after infection
with viruses carrying the sense strand (Fig. 4A, panel d),
while the antisense (Fig. 4A, panel c) or the control (data not
shown) virus-infected cells did not show any expression of
cyclin D3. These results strongly suggest that adenovirus
particles carrying the DNAs of interest are effective in
regulating target gene expression in cultured uterine stromal
cells.
Because cyclin D3 expression is closely associated with
HB-EGF-induced stromal cell polyploidy, we next wanted
to examine whether the inhibition or overexpression of
cyclin D3 modulates HB-EGF-mediated effects on stromal
cell polyploidy. As shown in Fig. 4B (panel a), the
addition of control virus along with HB-EGF was not
effective to alter HB-EGF-stimulated stromal cell polyploi-
dy as evident by the detection of large mono- or binucle-
ated cells. In contrast, the inclusion of the virus carrying
the antisense cyclin D3 together with HB-EGF caused
these cells to exhibit much bigger in size and appeared
Fig. 1. Effects of HB-EGF on growth, polyploidy, and binucleation of uterine stroma in the primary culture. (A) DNA synthesis was measured using 3H-
thymidine incorporation assay as described in Materials and methods. Data shown are percentage over the control, C, while is C represented as 100%. The values
(mean F SEM) were determined from duplicate experiments using quadruplicate set of data for each experiment. *Values are statistically different ( P < 0.05,
Student’s t test) from the control. (B) Cells were treated with HB-EGF at 10 ng/ml or PBS (as control) for different times as indicated. Cell numbers and DNA
synthesis were determined separately as described in Materials and methods. *Values are statistically different ( P < 0.05, Student’s t test) as compared to days 1
or 2. (C) Cells were cultured for 7 days with HB-EGF (10 ng/ml) or PBS (as control) and fixed in formalin, subjected to Feulgen staining, and analyzed by DNA
content. For comparison with diploid nuclei, uterine stromal cells on day 4 pseudopregnancy were used. The cell cycle distribution is shown as mean F SEM.
Horizontal scale bars represent multiples of normal haploid DNA, C. (D) Cells were trypsinized, washed, and cytospun onto slides for histological analysis.
Approximately, 600 cells were examined under microscope and viewed on the computer screen. Randomly selected images from 30 different areas on the slide
were captured in the computer and cell numbers counted manually. Binucleated cells are indicated by arrows. Scale bars, 100 Am.
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The delivery of the sense strand in combination with HB-
EGF was interesting. The development of polyploidy and
multinucleation was strongly enhanced in conjunction with
extensive cell death (Fig. 4B, panel c); at least 80% of
cells were dead at the end of day 7 in culture. It should
also be noted that the delivery of the sense strand alone
(without the addition of HB-EGF) was also effective in
inducing this phenomenon to a similar extent; g81% cells
were dead for the same period of culture (data not shown).
In contrast, the inclusion of antisense or control virus alone
(without HB-EGF) did not show any such effect under
similar conditions (data not shown). The onset of death
process in conjunction with the development of polyploidywas further investigated by staining with propidium iodide
(PI)–Hoechst 33342 as shown for HB-EGF plus antisense
vs. HB-EGF plus sense in Fig. 4C. The presence of both
PI and Hoechst staining (overlay color as pink) in multi-
nucleated cells, along with the green fluorescence, suggests
that the death process is initiated in these cells after the
treatment of HB-EGF and sense virus (Fig. 4C, panel b),
while the exposure of HB-EGF, together with antisense
virus, had no such effects (Fig. 4C, panel a). The analysis
of cell cycle distribution was also monitored under similar
treatments (Fig. 4D). The cells exposed to the sense strand
and HB-EGF showed markedly enhanced polyploidy in
association with a sustained cell cycle blockage in the G2/
M phase, while the number of developing polyploid cells
Fig. 2. Effects of HB-EGF on cell cycle regulation of uterine stromal cells in vitro. (A) Total RNA was analyzed by Northern blotting. Autoradiographic
exposures were analyzed by densitometric scanning and the fold increase was determined after normalization with rpL7. (B) The studies for double
immunofluorescence were performed for cyclin D3 and p21 or cyclin D3 and cdk6 on control or HB-EGF (10 ng/ml)-treated stromal cells. Cells were stained
by Cy3 (red) tagged secondary antibody for cyclin D3 while FITC (green) tagged antibody was either for p21 or cdk6. Scale bars, 100 Am. Note that mono- or
binucleated polyploid cells are stained for these proteins. (C) Control or HB-EGF (10 ng/ml)-treated cells were extracted and immunoprecipitated (IP) with
cyclin D3 or cdk6 primary antibodies and analyzed by Western blotting (WB) using primary antibodies for cyclin D3, cdk6, and p21. The specific bands are
shown by arrows. (D) The functional activity associated with the immunoprecipitates obtained with the control or HB-EGF treated samples was analyzed by
kinase assay using [g-32P]-ATP and a protein substrate (mouse recombinant Rb). The phosphorylated Rb protein was detected by autoradiography.
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Fig. 3. Effects of HB-EGF on the development of stromal cell polyploidy in vivo. Beads preabsorbed in 100 Ag/ml solution of HB-EGF (a, b) or BSA as control
(c, d) were transferred into the uterine lumen of day 4 pseudopregnant mice and killed on day 7 to examine the effects. Uterine sections were examined after
immunohistochemical staining for cyclin D3 followed by light staining with fast-green. Arrows in panels a and c indicate the locations of the beads. Note: panel
b, beads preabsorbed in HB-EGF enhance the development of stromal cell polyploidy, as indicated by arrows or arrowheads for respective large mono- or
binucleated cells at the antimesometrial pole of the uterus, while BSA beads failed to show the presence of any such appearance. However, some cells within
the endometrium for the control section (showed by red arrows in panel d) represent blood cells trapped within the blood vessels. Further note, following the
onset of decidualization (shown in panels a and b), this zone becomes avascular due to the development of PDZ. Scale bar, 100 Am.
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virus in combination with HB-EGF was completely inhib-
itory to the development of cellular polyploidy (Fig. 4D).
Overall, these results suggest that cyclin D3 is essential for
the induction of stromal cell polyploidy mediated by HB-
EGF in vitro.
Uterine inhibition of cyclin D3 expression abrogates
decidualization and stromal cell polyploidy
As demonstrated above, we have established the effec-
tiveness of recombinant adenoviruses in modulating cyclinD3 expression and associated functions in stromal cells in
vitro. We then asked whether these viral vectors are
effective in vivo during embryo-induced stromal cell
decidualization. To examine the viral mediated effects,
pregnant mice received the antisense (n = 12), sense (n =
10), or control (n = 5) viruses for cyclin D3 (1  1011
virus particles per mouse) intravenously via tail veins on
day 5 of pregnancy twice at 0900 and 1800 h. Pregnant
mice (n = 6) without virus injections were also examined
for our comparison. Mice were killed on days 7 and 8 of
pregnancy and weight of implantation sites was recorded.
They were either flash frozen or fixed in 10% formalin for
Fig. 4. The manipulation of cyclin D3 expression is regulatory to HB-EGF-driven specification of stromal cell polyploidy in vitro. (A) Cells grown to a level of
40–50% confluency were subjected to infection by adenoviruses (at 10 MOI) carrying either sense or antisense constructs of cyclin D3. One day after
inoculation, cells were briefly washed in PBS and examined by fluorescence microscopy for GFP. The expression of cyclin D3 was examined by
immunostaining. Scale bars, 100 Am. (B) HB-EGF (10 ng/ml) was added at the time of viral inoculation. Cells were examined by GFP after day 7 of viral
inoculation. Note: HB-EGF-dependent regulation of polyploidy was not affected following the infection with control virus (a), while AS-virus showed dramatic
inhibition on the development of cellular polyploidy. In contrast, S-virus induced the sign of polyploidy (shown by arrowheads), although there was an
induction of cell death (shown by *). An example of a multinucleated cell (shown by arrow) is shown as inset with high magnification. Scale bars, 100 Am. (C)
Live cells after infection were visualized by fluorescence microscopy following staining with PI and Hoechst 33342. Viable cells exclude PI, while dead cells
stain with PI (red) and Hoechst 33342 (blue). Binucleated cells (shown by arrows) are indicated by a mixed color (pink) suggesting the onset of cellular death.
(D) Cells were fixed in 10% formalin followed by Feulgen staining and subjected to DNA measurements. The cell cycle distribution was determined as meanF
SEM. Horizontal scale bars represent several multiples of normal haploid DNA content (C).
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Fig. 5. Cyclin D3 adenovirus targets uterine implantation sites during normal pregnancy. Approximately 100 Al of adenoviruses (1  1011 virus particles/
mouse) were injected intravenously (tail vein) twice on day 5 of pregnancy at 0900 and 1800 h. Virus injected (c–h) or normal (a, b) mice were killed on day 7
(0900 h) of pregnancy, and implantation sites were analyzed. Sections (10 Am) of these implantation sites were processed for the cell-specific localization of
immunoreactive cyclin D3 (a– f) or GFP (g). The expression of GFP (green) by direct visualization with fluorescence microscopy is also shown (h). Note:
significant reduction of cyclin D3 protein accumulation was noted in stromal cells infected with cyclin D3 (AS)-virus as compared to stromal cells in the
normal implantation site. The infection by S-virus showed a modest increase in the accumulation of cyclin D3. E, embryo; pdz, primary decidual zone; sdz,
secondary decidual zone. Arrows and arrowheads indicate multi- or mononucleated cells, respectively. Scale bars, 100 Am.
Y. Tan et al. / Developmental Biology 265 (2004) 181–195190paraffin blocks. Frozen sections of the implantation sites
obtained from viral injected mice were fixed in 3%
formalin and examined for the expression of GFP either
by direct fluorescence microscopy or immunohistochemi-
cal staining. Paraffin sections of the implantation sites
were examined for expression of cyclin D3 by immunos-
taining. As shown in Fig. 5, the results show that the viral
particles were effective in modulating gene expression in
the uterus on day 7 of pregnancy. We observed a strong
expression of cyclin D3 in the decidual bed at the anti-
mesometrial location primarily associated with the poly-
ploid stromal cells during normal pregnancy (Figs. 5a, b).
The injection of the control (data not shown) or the sense
(Figs. 5c, d) virus did not appear to alter the normal
pattern of expression for cyclin D3. In contrast, the
administration of the antisense virus showed a dramatic
downregulation of cyclin D3 expression (Figs. 5e, f).
These effects mediated by viral vectors were generated
locally in the uterus, but not by any secondary effects,because the accumulation of GFP was detected at the same
sites after administration of either the antisense (Figs. 5g,
h), sense, or control viruses (data not shown). Similar
results were also observed on day 8 of pregnancy (data not
shown). To examine further whether the inhibition of
cyclin D3 expression was accompanied by the alteration
of uterine decidualization, the wet weights of uterine
implantation sites were determined (Fig. 6). As shown in
Fig. 6, the results show that implantation sites had
expected weight gains on days 7 and 8 of normal preg-
nancy as previously observed by us (Reese et al., 2000).
Administration of the sense or the control (data not shown)
virus did not show any significant difference in uterine
weights, while that of the antisense virus induced a
significant reduction (P < 0.01, Student’s t test) in weights
of the implantation sites as compared to corresponding day
of normal pregnancy. Consistent with the above results,
virus-mediated antisense cyclin D3 delivery also reduced
the incidence of stromal cell polyploidy on days 7 and
Fig. 6. In vivo inhibition of cyclin D3 expression in the uterus during the
post-implantation period affects decidual reaction at the site of embryo
implantation. Implantation sites were analyzed on days 7 and 8 of
pregnancy without any injection (Normal) or after the injections of virus
particles for cyclin D3 (AS) or (S). Weights of implantation sites (collected
from at least 6 to 12 mice in group) were given as mean F SEM. *P <
0.001 (Student’s t test).
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pregnancy on those days (Table 1). The reduction in
polyploidy was associated with a significant increase (P <
0.01, Student’s t test) in the number of cells in the G0/G1
phase, suggesting that downregulation of cyclin D3 par-
ticipated in this event. Although the administration of
cyclin D3 sense or control (data not shown) virus did
not show significant changes in the cell cycle distribution
as compared to normal pregnancy, there was some degree
of enhancement in polyploidy after the injection of sense
virus (Table 1). Collectively, these results suggest that
cyclin D3 is very important for stromal cell decidualization
and polyploidy, and these effects are downstream of the
HB-EGF signaling.Table 1
Inhibition of cyclin D3 expression in the uterus during decidualization is detrime
Day of pregnancy Viral injection G0/G1 (%)
Day 7 none 4.2 F 1.5
AS 33.0 F 0.8*
S 2.5 F 0.6
Day 8 none 5.4 F 1.6
AS 37.3 F 2.1*
S 4.5 F 0.9
Uterine implantation sites on days 7 and 8 of pregnancy were examined as describe
implantation sites were subjected to Feulgen staining for cytomorphometic imagin
using a CAS-200 Image Analysis System. On each day of pregnancy, four diff
duplicate adjacent sections were analyzed. In average, 500–600 nuclei were ana
optimized with the stromal cells on uterine sections of day 4 normal pregnancy.
*Significantly different as compared to other values within the same cell cycle dDiscussion
The uterine decidualization is crucial to successful blas-
tocyst implantation in mice and humans. However, the
molecular mechanism underlying this process remains poor-
ly understood. Growth factors produced locally in the uterus
at the site of implantation are implicated in various functions
during early pregnancy (Lim et al., 2002; Paria et al., 2002).
In mice, a small amount of ovarian estrogen elicits events
that are associated with implantation and decidualization in
the progesterone (P4)-primed uterus, suggesting that the local
factors amplify estrogenic effects in the uterus in autocrine,
paracrine, and/or juxtacrine manners (Paria et al., 2002).
While a considerable progress has been made regarding the
identification of various uterine factors, their definitive roles
and the underlying molecular mechanisms in uterine decidu-
alization with particular reference to stromal cell prolifera-
tion, differentiation, and polyploidy remain unknown. The
highlight of the present investigation is that HB-EGF, one of
the earliest signaling molecules in implantation, manifests a
novel role in stromal cell polyploidy and binucleation during
decidualization by engaging cell cycle regulatory molecules
(Fig. 7). In this regard, studies provide clear evidence that
HB-EGF plays role in the induction of cyclin D3 expression
during decidualization and endoreduplication as shown by
both in vitro and in vivo studies. In addition, we have
previously demonstrated that delivering HB-EGF, but not
BSA, via beads in the lumen of the receptive uterus induces
several implantation-like uterine events, including gene
expression and decidualization similar to those observed
by living blastocysts (Paria et al., 2001). It should be noted
that HB-EGF is expressed in the uterus before the onset of
implantation. In contrast, cyclin D3 is expressed in stromal
cells during decidualization following implantation (Das et
al., 1999). Therefore, the regulation of HB-EGF-mediated
induction of cyclin D3 expression suggests that HB-EGF
plays a role in the regulation of decidualization via cyclin
D3. We demonstrate herein that HB-EGF specifically upre-
gulates cyclin D3 in conjunction with cdk6 and p21 in
stromal cells undergoing polyploidy. This is similar to thental to the development of stromal cell polyploidy
S (%) G2/M (%) Polyploid (%)
47.1 F 2.2 13.3 F 1.2 35.4 F 2.7
44.8 F 1.3 13.0 F 2.7 9.2 F 0.9*
45.6 F 2.0 11.9 F 1.8 40.0 F 3.0
45.4 F 2.3 11.5 F 1.4 37.7 F 2.8
42.1 F 1.9 13.6 F 1.2 7.0 F 1.1*
42.2 F 2.0 11.2 F 1.4 42.1 F 3.6
d in the experimental procedures. In brief, paraffin sections (6 Am) of uterine
g. All images from the Feulgen-stained sections were captured and analyzed
erent implantation sites at the location of antimesometial decidual bed on
lyzed for each implantation site. The DNA content for diploid nuclei was
The percent of cell cycle distribution was calculated as mean F SEM.
istribution group on each day of pregnancy.
Fig. 7. A proposed model for depicting the role of HB-EGF in mediating effects on uterine stromal cell polyploidy during decidualization. HB-EGF produced at
the site of embryo during the post-implantation period is primarily involved in the local transformation of uterine stroma cells into polyploidy. HB-EGF,
presumably through one of ErbB members, mediates the action within the stromal compartment in a paracrine manner. The effects thereby generated cause
induction of cyclin D3 in stromal cells, concomitantly with the production of cdk6 and p21 during the development of stromal cell polyploidy. The inhibition of
cyclin D3 expression by antisense gene delivery technique provides further insights to the developmental mechanisms in relation to cyclin D3’s involvement in
HB-EGF-induced stromal cell polyploidy.
Y. Tan et al. / Developmental Biology 265 (2004) 181–195192situation that is normally observed during blastocyst-induced
uterine decidualization. The inhibition of cyclin D3 expres-
sion via adenovirus-mediated antisense gene delivery with
attenuated stromal cell polyploidy and decidualization dem-
onstrates a regulatory pathway in which HB-EGF utilizes
cyclin D3 as an essential downstream component of the cell
cycle machinery to control stromal cell polyploidization and
decidualization.
Similar to its effects on other fibroblast cells (Higa-
shiyama et al., 1991), HB-EGF strongly stimulated DNA
synthesis in uterine stromal fibroblasts (see Fig. 1A). The
failure of EGF or TGF-a in manifesting such a response
suggests that HB-EGF-induced growth-promoting effect is
selective for uterine stromal cells. This selectivity is likely to
be attributed by the preferential utilization of ErbBs. It is
known that EGF or TGF-a executes their effects via ErbB1
(EGF-R), while HB-EGF utilizes ErbB1 or ErbB4 for
signaling. The ultimate signaling requires ligand-dependent
homo- or hetrodimerization between the receptors of the
ErbB family (ErbBs1-4) (Lim et al., 2002). RT-PCR anal-
ysis demonstrated the expression of both ErbB1 and ErbB4
in cultured stromal cells (data not shown). These results areconsistent with our previous observations of expression of
ErbBs in the peri-implantation mouse uterus (Das et al.,
1994b; Lim et al., 1998). The success of HB-EGF, but not
EGF or TGF-a, in influencing stromal cell DNA synthesis
suggests that HB-EGF effects primarily involve ErbB4.
Previous studies have shown that HB-EGF directs multi-
functional roles by virtue of its two distinct forms. For
example, while the membrane-anchored HB-EGF (pro-HB-
EGF) functions as a juxtacrine factor in mediating cell–cell
adhesion between the blastocyst and uterine luminal epithe-
lium, the soluble form influences blastocyst growth and
development in a paracrine manner by interacting with
ErbB1–ErbB4 displayed on the blastocyst trophectoderm
cell surface (Paria et al., 1999; Raab et al., 1996). Our
present observation of the influence of soluble HB-EGF on
stromal growth and polyploidy in vitro and in vivo strongly
suggests that these effects of HB-EGF are mediated in a
paracrine manner. The uterine stroma at the time of decidu-
alization undergoes extensive remodeling, which requires
the participation of matrix metalloproteinases (MMPs). In
deed, several MMPs are expressed in the uterus during
decidualization (Alexander et al., 1996; Das et al., 1997),
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of pro-HB-EGF to release soluble HB-EGF (Prenzel et al.,
1999; Suzuki et al., 1997).
The present observation of uterine stromal cell polyploi-
dy that is triggered by HB-EGF is novel and a unique
characteristic of these cells. In this respect, it is interesting to
note that decidualization is absent during implantation in the
mink, and mink uterine stromal cells fail to undergo
polyploidy after treatment with HB-EGF (data not shown).
HB-EGF-dependent upregulation of cyclin D3, but not D1
and D2, in primary cultured stromal cells clearly suggests
that cyclin D3 plays a specific role in stromal cell polyploi-
dy. This is consistent with our observation that inhibition or
overexpression of cyclin D3 expression is correlated with
the regulation of stromal cell polyploidy induced by HB-
EGF. However, it is interesting to note that polyploidy
induced by overexpression of cyclin D3 undergoes cell
death more rapidly than those induced by HB-EGF alone
(data not shown), suggesting that uncontrolled expression of
cyclin D3 by adenovirus-mediated expression has detrimen-
tal effects on cells. Alternatively, this may explain why
decidual cells ultimately undergo extensive cell death fol-
lowing terminal differentiation. However, the lack of cell
death in HB-EGF-induced polyploidy suggests that poly-
ploidy is not the only determinant in the onset of this
process but requires additional factors.
Several cell cycle regulators have been proposed to play
an active role in the development of cell polyploidy. For
example, there is evidence that overexpression of cyclin D3
or p21 leads to polyploidization of megakaryocytes with
reduced kinase activity of cyclin B1-dependent cdk1 (Kiku-
chi et al., 1997; Zimmet et al., 1997). Furthermore, abundant
expression of cyclin D3 has been correlated with various
myoblast cell lines during their terminal differentiation into
multinucleated quiescent myotubes (Kiess et al., 1995).
During placentation, the development of trophoblast giant
cells is shown to be accompanied by downregulation of
cyclin B-associated kinase activity in conjunction with a
periodic activation of p57 (Hattori et al., 2000; MacAuley et
al., 1998). In contrast, little is known about the upstream
regulatory factors that control endoreduplication. Previous-
ly, it has been shown that some growth factors can augment
polyploidization in megakaryocytes (Guerriero et al., 2001;
Rojnuckarin et al., 1999). For example, thrombopoietin and
stromal cell-derived factor-1a induce growth of megakar-
yocyte precursors through activation of multiple signaling
systems including Ras–MAPK, STAT5, PI3-K–Akt, and
PKC pathways. In contrast, the development of megakar-
yocytic polyploidy induced by these growth factors primar-
ily occurs through the Ras–MAPK pathway (Matsumura
and Kanakura, 2002). Furthermore, recent evidence sug-
gests that some of the nuclear factors also play an active role
as upstream regulators in controlling the transition to
polyploidy. A potential transcription factor, mSNA (murine
homologue of escargot in drosophila), appears to function in
the repression of genes that promote the transition ofpolyploidy in trophoblast giant cells and megakaryocytes
(Ballester et al., 2001; Nakayama et al., 1998). In addition,
Clast3, a newly discovered gene constitutively expressed in
the nuclear foci of activated B-lymphocytes, plays a role in
the promotion of cellular polyploidy and multinucleation
(Bahar et al., 2002).
Our findings of associating cyclin D3 with the induc-
tion of polyploidy or multinucleation in vitro and in vivo
provide strong evidence that cyclin D3 is involved in
stromal cell polyploidization and decidualization. Our in
vivo studies to achieve adenovirus-mediated gene inter-
vention during the decidualization period provide evidence
for the first time that these vectors can reach the uterine
targets and maintain a sustained inhibitory effect on the
expression of cyclin D3 and inhibition of decidualization
with reduced polyploidy. However, it should be noted that
the partial increase in uterine weight when compared
between the implantation sites on days 7 and 8 of preg-
nancy even after the administration of antisense viral
particles is not clearly understood. It is possible that the
decidualization was incompletely inhibited by these viruses
presumably due to the residual cyclin D3 or some other
activity. Because the virus particles we used in our studies
are non-replicative, the cells that are not initially infected
by these viruses in the endometrial stromal bed could
cause continuous proliferation and differentiation during
decidualization. However, we believe that these effects
induced by viruses were generated locally rather than via
secondary target organs, since the expression of the re-
porter marker GFP was also detected in uterine decidual
cells. The non-detectable staining of cyclin D3 in the PDZ
after administration of cyclin D3 sense virus is not clearly
understood. However, it is possible that the cells in this
zone are terminally differentiated and may not support
ectopic expression of cyclin D3. The physiological rele-
vance of stromal cell polyploidy in uterine implantation
and/or decidualization remains obscure; however, in vivo
inhibition of stromal cell decidualization in conjunction
with the suppression of stromal cell polyploidy suggest
that these two events are strongly associated.
In conclusion, we show here that the regulation of stromal
cell polyploidy and decidualization is induced by HB-EGF
in addition to its known functions in blastocyst attachment
and trophoblast differentiation as previously observed
(Leach et al., 2002; Paria et al., 1999; Raab et al., 1996).
The intervention or the overexpression of a cell cycle
regulatory gene cyclin D3 supports the view that HB-EGF-
induced effects are controlled through a cell cycle activity.Acknowledgments
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